We propose a novel optical hybrid plasmonic patch nanoantenna for operation at the standard telecommunication wavelength of 1550 nm. The nano-antenna is designed to be compatible with a hybrid plasmonic waveguide through matching of both the operational mode and the wave impedance. The antenna is designed to receive the optical signal from a planar waveguide and redirect the signal out of plane, and is therefore useful for inter-or intra-chip optical communications and sensing. The transmission line model in conjunction with surface plasmon theory is used to develop analytical formulas for design and analysis, and a 3-dimensional full-wave numerical method is used to validate the design. The proposed device provides a bandwidth of more than 15 THz, a gain of 5.6 dB, and an efficiency of 87%. Furthermore, by designing an 8 x 8 array of the proposed antenna, a directivity of 20 dBi and steering of the beam angle are achieved by controlling the relative phase shift between elements of the array.
Introduction
Recently optical nano-antennas have received significant attention due to their ability to control the emission and scattering of light with a nano-scale footprint [1] - [21] . A variety of nanoantennas have been investigated as scatterers to redirect incident light [4, 6] , or as devices to control the emission of point sources such as quantum dots [2] and biological emitters [3] . Additionally, nano-antennas have been proposed to enhance the efficiency of photodetection [21, 22] , sensing [23] , heat transfer [24, 25] and spectroscopy [26] .
Previous demonstrations of nano-antennas have primarily focused on controlling the distribution of the local field when dealing with incident light from free-space or a point source [1] - [21] . Such devices have great importance in applications such as sensing [23] and spectroscopy [26] . However, when designing antennas for optical communication purposes, the antenna must be able to receive an optical signal in-plane and radiate it to free space and through reciprocity, must be able to receive the signal from free-space and transmit in-plane. Additionally, the farfield specifications of the antennas must be optimized for angle and maximum directivity.
Here we propose a novel waveguide-fed hybrid plasmonic patch nano-antenna to operate at the standard telecommunication wavelength of 1550 nm. The antenna has been impedancematched with the characteristic impedance of the hybrid plasmonic waveguide feed. Therefore, the antenna can receive the optical signal from the hybrid plasmonic waveguide feed (free-space) efficiently, and direct it to free space (the hybrid plasmonic waveguide feed). The nano-antenna and hybrid plasmonic waveguide feed can be fabricated utilizing standard CMOS processing techniques, and therefore can be integrated with other elements in an opto-electronic circuit. Additionally we show that a highly directive pattern of 20 dBi can be achieved by using an 8 x 8 array of patch antennas. Furthermore, we numerically demonstrate beam steering through controlling the phase shift between elements in the antenna array.
Previous studies have shown that a hybrid plasmonic waveguide supports a hybrid plasmonic quasi-transverse magnetic (TM) mode in which the field is primarily confined inside the lower index material resulting in low loss waveguiding structures [27] - [34] . Here we exploit the sub-wavelength mode confinement and low loss properties of hybrid plasmonic structures to develop a highly efficient and directive patch nano-antenna. The proposed nano-antenna has a higher efficiency than plasmonic antennas [35] - [37] , while simultaneously having a smaller footprint than dielectric antennas [38] .
The proposed nano-antenna is useful for several applications. In particular, inter and intrachip optical communications can utilize two antennas as a transmitter and receiver to provide a wireless optical link between optical circuits on different layers and/or different chips. This application will be especially useful to couple the optical energy from integrated lasers [39] to various layers of an optical circuit. Another potential application is in LIDAR mapping systems [40, 41] , where an array of the proposed antenna can be used to perform beam-steering for detection and tracking of moving targets.
Analytical Approach
The nano-antenna and waveguide feed (as shown in Fig. 1 ) have been designed based on the hybrid plasmonic structure [27] - [34] , where a very thin layer of a low refractive index material (SiO 2 ) is sandwiched between a higher refractive index material (Si) and a metal (Ag).
In order to avoid reflection, the antenna is designed to have an input impedance equal to the wave impedance of the hybrid plasmonic feeding waveguide. Here, we use surface plasmon theory [42] in conjunction with the transmission line model [43] to develop analytical formulas to determine the input impedance of the patch antenna and the wave impedance of the plasmonic waveguide.
The transmission line model can be used only for fields in TEM modes, where both electric and magnetic field have no component in the propagation direction (the z direction in Fig. 1 ). According to surface plasmon theory, the hybrid plasmonic mode supported by the structure shown in Fig. 1 is a TM mode with electric field both in the y and z directions [42] . However, here we show that the z-component of the electric field is much smaller than the y-component, and therefore, the resultant hybrid plasmonic TM mode can be approximated as a TEM mode. According to surface plasmon theory [42] , the ratio of the y-component to the z-component of the E-field is equal to:
where K y and K z are propagation constants in the y and z directions, respectively, ω is the radial frequency, c is the propagation velocity of the light in the vacuum, ε d is the permittivity of the dielectric (SiO 2 in this design), and ε m is the permittivity of the metal (Ag in this design).
Since at optical frequencies metals have a negative permittivity whose magnitude is much larger than that of dielectrics, |ε m | ε d , the y-component of the electric field will be much larger than the z-component. Therefore the z-component is negligible and use of the transmission line model is valid. In this design, the permittivity of silver at the wavelength of 1550 nm is assumed to be ε Ag = −129 + j3.28; a value extracted from fitting the experimental data from [44] with a Drude function (due to the fact that data in [44] is limited to a few wavelengths, fitting is necessary to provide the dielectric constant at all desired wavelengths). Considering the value of the dielectric constant of SiO 2 as ε SiO 2 = n 2 SiO 2 = 2.09, the ratio in (1) will be equal to 0.1 + j7.85. In other words, for our design the magnitude of the y-component of the electric field is predicted to be 7.85 times higher than the magnitude of the z-component, therefore for design purposes the behavior of our device can be accurately predicted with the transmission line model.
Using the transmission line model at the resonance frequency, the input impedance of the patch antenna when fed from the side is calculated as [45] :
where W 2 is the width of the patch antenna and h is the height of SiO 2 layer (see Fig. 1 ). The characteristic impedance of the plasmonic feeding waveguide is calculated as [43] :
where Z 0 is the characteristic impedance of air, and n e f f is the effective refractive index of the plasmonic mode.
As shown in previous demonstrations of the plasmonic hybrid waveguide, the effective refractive index is non-linearly dependent on the width of the metal, W , and height of the SiO 2 layer, h [27] - [34] . To derive a formula that relates the refractive index, n e f f to the parameters W and h, we numerically calculate the real component of n e f f for different values of W and h using the Computer Simulation Technology (CST) software and then apply curve fitting. Figure  2 illustrates the numerically calculated real component of n e f f for different values of W and h and the resulting relationship is shown in (4). In equation (4), W and h are in μm.
In this fitting process, the other parameters include a free space wavelength of λ 0 = 1550 nm, effective permittivity of silver ε Ag = −129 + j3.28, and the three heights (see Fig. 1(b) ) are H m = 100 nm, H rib = 200 nm and H Si = 300 nm. Using (2)- (4), and fixing the height of the SiO 2 layer as h = 10 nm, the width of the waveguide and the antenna are calculated as W 1 = 100 nm, and W 2 = 520 nm, respectively, providing a perfect impedance match between the antenna and the waveguide.
The resonance frequency of the antenna as determined by the resonance length, L, is equal to half of the free space wavelength (1550 nm in this design) divided by the effective refractive index, n e f f . Using the values of W 2 = 520 nm, and h = 10 nm, the real component of the effective refractive index of our structure as determined by (4) is n e f f = 2.88, resulting in a resonance length of L = 270 nm.
It should be noted that the matching has been achieved for only the real component of the impedances. At the resonance frequency (where the length of patch antenna is equal to half of the wavelength) the imaginary component of the input impedance of the patch antenna would be zero. However, due to the plasmonic losses, the characteristic impedance of the plasmonic waveguide will have both real and imaginary components. The imaginary part, although much smaller than the real part, is non-negligible due to the loss of plasmonic mode, resulting in a partial reflection of of the wave. However, since the imaginary component is much smaller than the real component, the reflected wave is expected to be minimal.
Numerical Analysis
To verify the analytical approach developed in Section 2, we numerically simulate our waveguide-fed optical hybrid plasmonic patch nano-antenna for operation at the telecommunication wavelength of 1550 nm. In this simulation, 3-dimensional full-wave numerical analysis is carried out using frequency domain analysis in CST microwave studio. Figure 3 shows the magnitude of the dominant component of the electrical field, E y at the cross section of the hybrid plasmonic waveguide that feeds the nano-antenna. As shown in this figure, the field is primarily confined in the 10 nm SiO 2 layer, confirming the excitation of the hybrid plasmonic TM mode. These results are achieved using the port solver in CST microwave studio. Figure 4 compares the values of the different components of the electric field in the waveguide and in the antenna. In this figure, the magnitude of the electric field is reported at the center of the SiO 2 layer as a function of z (when x = 0 and y = -105 nm). As shown in Fig. 4 , the y-component is more than an order of magnitude larger than the z-component, and the field can therefore be approximated as a TEM mode as predicted by analytical formulas explained in Section 2. These results further validate the use of the transmission line model for design and analysis of both the hybrid plasmonic feeding waveguide and the patch nano-antenna in the analytical approach. Figure 5 illustrates the ratio of the reflected wave to the incident wave, S 11 , as a function of the operation frequency for our waveguide-fed optical nanoantenna. The results are achieved from full-wave numerical analysis in CST. In this analysis, the frequency-dependent property of the permittivity of the silver, ε Ag , is also included using the dependence from [44] . The resultant S 11 of our waveguide-fed optical nanoantenna is better than -10 dB at the resonance frequency of 193.5 THz (1550 nm), verifying the impedance matching between the waveguide and the antenna. The frequency bandwidth of the antenna where S 11 < −10 dB is 15.6 THz, or 8%. This bandwidth corresponds to the wavelength range of 1463 nm-1580 nm, which covers most of the standard optical communication bands of S and C.
The radiation pattern of the waveguide-fed optical nanoantenna is shown in Fig. 6 , illustrating the out-of-plane directivity for inter-and intra-chip communications, and a maximum gain of 5.64 dB; a value competitive with standard microwave-based patch antennas. The total efficiency of the antenna, defined as the ratio of the radiated power over the total power entering the waveguide, is numerically calculated as 87%. Unlike typical microwave patch antennas, our nano-antenna is designed without a ground plane providing a radiation pattern that is shifted slightly off-axis (y-axis in Fig. 1) , with the maximum of the upward and downward radiations to occur at 30 and 35 degrees from the y-axis, respectively. The absence of the ground plane is essential to provide the bidirectional (+y and -y) radiation pattern allowing for communication functionality in sophisticated multi-layer optical circuits.
Antenna Array and Potential Beam-Steering Applications
Here we numerically investigate the performance of the designed patch antenna when used in an antenna array. Figure 7 illustrates the resultant radiation pattern of an 8 x 8 array of the designed patch antenna when the feeding signal has the same phase for all the antenna elements in the array. The periodicity of the antenna elements in the array is 800 nm. As shown in Fig.7 , a significantly improved directivity of 21.8 dBi can be achieved with this array, which only occupies a 5.6 μm by 5.6 μm footprint.
The results shown in Fig. 7 are achieved using the array-toolkit in the CST simulation software, which uses the array factor formula [45] to calculate the array pattern from a single element pattern. In this calculation, the coupling between the antenna elements is ignored, however given that the distance between the antennas in this design is greater than 280 nm (more than half of the effective wavelength of the hybrid plasmonic mode), and that the field is highly confined in the SiO 2 layer, the coupling between the antennas is assumed to be minimal, and therefore has a negligible effect on the resultant radiation pattern. However, further investigation on optimizing the coupling effect will be considered in future work.
Beam steering can be achieved in the antenna array by controlling the relative phase between the antenna elements. Figure 8 demonstrates how the pattern evolves when the phase shift between the antenna elements varies from Δφ = −90 • to Δφ = +90 • . As shown in this figure, the direction of the pattern can be steered by controlling the relative phase shift between the planar optical signals in each feeding waveguide. This could be achieved, for example, by integrating highly efficient active phase shifters [46] into each arm of the antenna array. Such phase shifters can achieve 180 • phase shift with less than 1 V of applied bias, and therefore proper power budgeting can be performed for the appropriate application. The beam steering capability is especially useful when the antenna is used in the receiving mode, and the direction of the receiving optical beam varies. For example, this capability is very useful in LIDAR systems when detecting and tracking moving targets [40, 41] . Another interesting application of the beam-steering capability is in developing efficient solar cells, when optical antennas are used to receive the solar energy from the sun. In this application, the array antenna with beamsteering capability could potentially track the sun during the day to ensure maximum energy conversion. 
Conclusion
A novel plasmonic optical patch nano-antenna is designed to be matched to and therefore fed by a hybrid plasmonic waveguide. Surface plasmon theory and the transmission line model are used to develop an analytical formula for the calculation of impedances of the antenna and the plasmonic waveguide feed. The developed formulas are utilized to design a nano-antenna that operates at the standard telecommunication wavelength of 1550 nm. The radiation pattern of the analytically-designed antenna is numerically simulated using CST microwave studio, demonstrating a broad bandwidth greater than 15 THz, a large gain of 5.64 dB, and an efficiency of 87%. The waveguide-fed plasmonic patch antenna can be fabricated using standard CMOS processing, providing not only a means for communication between multiple optical devices layers, but also holding potential for highly-integrated optical beam-steering devices such as active LIDAR target tracking and improved solar cell efficiency through solar tracking.
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